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Abstract 
In this study, a new combined inorganic-organic flocculant (CIOF) of FeCl3 and 
membrane performance enhancer (MPE50) was prepared and added to an aerated 
submerged membrane bioreactor (SMBR). The effects of CIOF on the performance of 
an aerated submerged membrane bioreactor (SMBR) were evaluated. The results 
indicated that the SMBR with CIOF addition could remove almost 100% total 
phosphate while eliminating over 90% ammonia (NH4-N) and dissolved organic carbon 
(DOC) during an 80-day of operation. The respiration tests revealed that the specific 
oxygen uptake rate (SOUR) was stable around 1.5-2.0 mg O2/g MLVSS.h. The sludge 
volume index (SVI) of less than 100 mL/g during the operation showed the importance 
of CIOF on the improvement of settling properties of the sludge. Soluble carbohydrate 
concentration was also well correlated with DOC of the supernatant. CIOF was 
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successful in the reduction of fouling of membrane as the membrane was only 
chemically cleaned after 53 days of operation.  
Keywords: Submerged membrane bioreactor, ferric chloride, membrane 
performance enhancer (MPE50), organic and nutrient removals    
 
1. Introduction  
Among membrane processes, membrane bioreactor (MBR) technology is an 
innovative and promising option for wastewater treatment and reuse. It has been 
considered as one of the most favourable processes for water reclamation with many 
outstanding advantages over the conventional activated sludge systems. However, MBR 
has some drawbacks, in particular membrane fouling. Membrane fouling deteriorates 
the permeability of the membrane and consequently increases the energy consumption 
in MBR. In addition, due to this problem, operational and maintenance cost of the MBR 
are high. Therefore, it is necessary to develop an effective and economical method of 
preventing or reducing membrane fouling [1].  
 
The coagulant addition to minimise membrane fouling has been developed by 
several researchers. Coagulants are generally added during water and wastewater 
treatment to remove colloidal and suspended solids through their aggregation to larger 
flocs [2]. It has been reported that coagulants such as FeCl3 and alum were effective in 
enhancing filterability of mixed liquor and controlling membrane fouling [3,4]. Ferric 
chloride has been tested in pre-coating and flocculation experiments to retard membrane 
fouling [3]. These studies revealed that ferric chloride was efficient in removing non-
biodegradable materials without stressing the microorganisms. Zhang et al. [5] 
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demonstrated that the addition of FeCl3 to the MBR system at the optimal concentration 
improved the filterability of the mixed sludge and mitigated the membrane fouling. The 
results indicated that the optimal ferric chloride concentration affected the molecular 
weight distribution of the soluble microbial product (SMP) and particle size distribution 
of the flocs in the hybrid MBR, reducing the fraction of larger molecular weight higher 
than 10 kDa in the SMP and the 1-10 µm particles in the flocs. Moreover, the element 
analysis of extracellular polymeric substances (EPS) implied that the addition of Fe(III) 
to the MBR system bridged the negatively charged groups of the components of the 
EPS and replaced other elements through ion exchange. Song et al. [6] evaluated the use 
of ferric chloride in MBR application. It was able to largely improve the phosphorus 
removal as well as the filtration resistance.  
 
Applying polymer to improve the performance of MBR has also been studied. 
Various synthetic and natural polymers have been tested in fouling control. Yoon et al. 
[7] indicated that the total solids in bioreactor could be raised to 50,000 mg/L without 
immediate membrane fouling with the addition of 2200 mg/L of a cationic polymer. 
After testing a total of 30 different additives, Iversen et al. [8] have shown that some of 
the tested additives were able to significantly reduce the concentration of SMP. A new 
membrane performance enhancer (MPE50TM) was first introduced by Yoon and Collins 
[9] as a commercial product of Nalco Company. Their study showed that with 400 ppm 
of MPE50, a full scale municipal MBR plant (2,300 m3/d) could be operated at a higher 
flux of 47.25 L/m2.h, which is 39% above the critical flux (34 L/m2.h), for one day 
without any significant permeability loss. Another advantage of MPE50 is that it did not 
negatively affect the overall aeration demand. Lab and pilot scale experiments with 
  
 
 
4
MPE50 addition have shown that the membrane fouling rates could significantly be 
reduced even under high flux conditions and the process could be operated at an 
extremely high suspended solid level, e.g. 50,000 mg/L [10]. In addition, permeate 
chemical oxygen demand (COD) was improved by approximately 30%, whereas no 
toxic effects on bioactivity were found. This study also showed that MPE50 could 
reduce foaming in the anoxic tank. A study on the influence of MPE50 on membrane 
fouling mitigation in a MBR revealed that 50 mg/L of the polymer dosage was the 
optimum as it resulted in long filtration time [11]. Moreover, the soluble COD and 
soluble EPS concentrations in the MPE50 added MBR were lower than those in the 
control MBR (without MPE50). The biofilm structure investigation at the same 
transmembrane pressure (TMP) also exhibited that MPE50 addition achieved higher 
biofilm porosity and lower amount of attached biomass. Besides, Guo et al [12] proved 
that submerged MBR (SMBR) with MPE50 addition could significantly improve the 
sustainable flux and reduce membrane fouling. Furthermore, the system achieved high 
dissolved organic carbon (DOC) and COD  removal efficiencies (>95 %), as well as 
outstanding NH4-N removal of over 95 - 98% and PO4-P removal of over 99% after 7 
days operation. Koseoglu et al. [13] studied on the effects of different flux enhancing 
chemicals on the filterability and the fouling reduction of MBR. The results indicated 
that at their optimal dosages, the cationic polymers such as MPE50, MPL30 and KD452 
provided 96, 80 and 74% reductions in fouling rates, respectively. Additionally, 
consistent with short term filtration test, cationic polymers performed well and 
increased critical flux value to above 50 L/m2.h levels.  
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The objective of this study was to investigate the effect of a new combined 
CIOF of FeCl3 and MPE50 for SMBR in treating a synthetic wastewater. The 
performance of the SMBR was assessed in terms of organic and nutrient removal 
efficiencies, membrane fouling based on TMP development and sludge volume index 
(SVI). Microbial activity of activated sludge was evaluated in terms of specific oxygen 
uptake rate (SOUR).   
 
2. Materials and Method 
2.1 Synthetic wastewater  
The experiments were conducted using a synthetic wastewater to avoid any 
fluctuation in the feed concentration and provide a continuous source of biodegradable 
organic pollutants such as glucose, ammonium sulfate and potassium dihydrogen 
orthophosphate. The synthetic wastewater used in this study represents high strength 
domestic wastewater (just after primary treatment process). The synthetic wastewater 
consists of  DOC of 120-130 mg/L, COD of 330-360 mg/L, ammonium nitrogen (NH4-
N) of 12-15 mg/L and total phosphate (T-P) of 3.6 - 3.9 mg/L (COD:N:P = 100:5:1). 
The composition of synthetic wastewater used in this study is shown in Table 1 [14].  
Table 1  
Characteristics of the synthetic wastewater 
 
2.2 Flocculant 
MPE50 used in this experiment was obtained from Nalco Company. The 
combined flocculant CIOF was prepared by mixing ferric chloride and MPE50 at a ratio 
of 1:1 (2 g of MPE50 with 100 mL of 2% FeCl3). The CIOF was manually added to the 
activated sludge 2 times per day at a dosage of 30 mg/Lwastewater. 
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2.3 SMBR set-up 
A polyethylene hollow fiber membrane module was used with the pore size of 
0.1µm and the surface area of 0.05 m2 (Mitsubishi-Rayon, Japan). The effective volume 
of the bioreactor was 6 L and the filtration rate was maintained at 12 L/m2.h. The 
membrane was placed inside the reactor. Synthetic wastewater was pumped into the 
reactor using a feeding pump to control the feed rate while the effluent flow rate was 
controlled by a suction pump. A pressure gauge was used to measure the TMP and a 
soaker hose air diffuser was used to maintain the air flow rate. The SMBR was filled 
with the sludge from a local Wastewater Treatment Plant and acclimatised to synthetic 
wastewater. The initial mixed liquor suspended solids (MLSS) was 5 g/L. The 
experiment was conducted at room temperature, which was about 250C. Hydraulic 
retention time and organic loading rate of the system were 10 hours and 4.75 g COD/d, 
respectively. No excess sludge was withdrawn during the experiment.   
 
2.4 Analysis 
DOC of the influent and effluent was measured using the Analytikjena Multi 
N/C 2000. The analysis of COD and measuring of MLSS and biomass (monitored as 
mixed liquor volatile suspended solids, MLVSS) were according to Standard Methods 
[15]. T-N and T-P were measured by photometric method using Spectroquant ® Cell 
Test (NOVA 60, Merck). YSI 5300 Biological Oxygen Monitor was used to measure 
the SOUR. The oxygen consumption measurement can be achieved through the use of 
oxygen electrode with oxygen permeable Teflon membrane. Voltage generated from the 
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reaction is proportional to the oxygen concentration of the sample and produces oxygen 
uptake during a period of 2-15 min.  
  
2.5 Membrane cleaning  
The fouled membrane was cleaned using both physical and chemical methods. 
The physical cleaning was adopted by providing 1 min backwash every 1 h at a 
backwash rate of 30 L/m2.h. The membrane was chemically cleaned on the 53rd day 
when the TMP reached a value of 36 kPa. The chemical cleaning procedure is as 
follows: (i) the cake layer formed from activated sludge on fouled membrane was 
brushed off; (ii) the membrane was soaked in 2% citric acid solution for 2 h; and (iii) 
the membrane was immersed for 2 h in 4% NaOH and 0.4% NaOCl solution.  
 
3. Results and discussion 
3.1. Short-term SMBR with individual flocculant addition 
 Short-term experiments were conducted to investigate the effects of the two 
individual flocculants (FeCl3 and MPE50) on SMBR performance. Table 2 presents the 
comparison results of SMBR alone and SMBRs with flocculants’ addition. As shown in 
Table 2, FeCl3 addition could slightly improve the reduction of DOC compared to 
SMBR alone, which led up to 97.6±0.7% removal, whereas the DOC removal with 
MPE50 (94.1±1.9%) was slightly lower than that of SMBR alone (96.5±0.3%). Both of 
the flocculants showed their potential for reducing membrane fouling. Compared to the 
membrane fouling rate of SMBR alone (5 kPa/d), the FeCl3 and MPE50 resulted in a 
lower membrane fouling rates of 1.3 and 3.3 kPa/d, respectively. With regards to 
nutrient removal, flocculants improved the nitrification in the SMBR and MPE50 
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yielded in the highest NH4-N removal efficiency of 75.2% during the 10 day- operation. 
Nevertheless, although T-N can be partially removed in aerobic SMBR (53.8%) through 
the anoxic micro-zones in the centre of microbial flocs, FeCl3 only increased 7% of T-N 
removal while MPE50 decreased the value to 34.9%, indicating the synthetic organic 
polymer may have negative effect on denitrification. Moreover, MPE50 also exhibited 
an insignificant decrease in T-P removal. However, MPE50 enhanced the SOUR of the 
mixed liquor significantly (1.5 times than that of SMBR alone), which indicated that 
organic flocculant could improve the microbial activity. In addition, MPE50 also 
showed the lowest biomass growth rate of 0.15 g/d, resulting in the lowest sludge 
production.  
Table 2 
The performance of tested flocculants in 10-day submerged MBR experiment (filtration 
rate 10 L/m2.h, initial MLSS = 5 g/L, backwash rate = 30 L/m2.h, backwash = 2 times 
per day for 2 min duration, influent DOC = 135-160 mg/L, NH4-N = 16-19 mg/L, T-N 
= 17-22 mg/L, T-P = 3.6-3.9 mg/L) 
 
Based on the merits of each flocculant, FeCl3 and MPE50 were combined to be a new 
flocculant (CIOF) at a ratio of 1:1 to conduct a long-term experiment.  
 
3.2. Evaluation of CIOF as performance enhancer for SMBR 
3.2.1. Organic and nutrient removals  
Organic and nutrient removals by the SMBR system with the addition of CIOF 
are shown in Fig. 1. The results show that over 95% of DOC was removed from the 
SMBR system with the effluent concentration of only 2-5 mg/L. Nutrients removal was 
investigated in terms of NH4-N, T-N and T-P removal. This system was successful in 
achieving phosphorus removal of almost 100%. This high phosphorus removal 
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efficiency was mainly due to two mechanisms, biological phosphorus removal and 
chemical precipitation. Biological phosphorus removal relies on the enrichment of the 
activated sludge system with phosphorus accumulating organisms (PAOs). Chemical 
precipitation of P is by the reaction between ferric ion and phosphorus in the wastewater 
to form ferric phosphate as precipitant. This system could also successfully remove 
NH4-N with an efficiency of 85 - 95 %. However, the total nitrogen removal was not 
significant. During the whole operation process, the system was constantly supplied 
with 10 Lair/min. With the biomass growth, the nitrification rapidly reduced due to the 
decrease in the dissolved oxygen (DO) in the suspension. Thus, T-N removal efficiency 
decreased from 75% at the beginning to only 8% after 35 days of operation. The 
systems then recovered back to yield T-N removal of 50-55% till the end of the 
experiment. This might be due to the occurrence of large size of sludge flocs in which 
the denitrification process may have taken place inside the biomass.   
Fig. 1. DOC, NH4-N, T-N and T-P profiles of SMBR system (influent DOC = 120-130 
mg/L; NH4-N = 16-18 mg/L; T-N = 16-19 mg/L; T-P = 3.6-3.9 mg/L; filtration flux = 
12 L/m2.h; backwash rate = 36 L/m2.h, CIOF dosage = 30 mg/L) 
 
 
3.2.2. SOUR 
Oxygen uptake rate plays a crucial role in aerated activated sludge systems, as 
oxygen is required to remove both nitrogen and carbon. In an activated sludge process, 
oxygen uptake rate is influenced by several parameters such as MLSS concentration, 
wastewater type, mixing characteristics, the availability of substrates and nutrients and 
the presence of toxins. In this study, respiration test was conducted with the mixed 
liquor taken from the bioreactor periodically. 
Fig. 2. Temporal variation of the SOUR and Fe (III) concentration of mixed liquor 
during the experiment 
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The SOUR was 2.33 to 2.66 mg O2 /g VSS.h from day 1 to day 3 (Fig. 2). It was 
increased to 4.5 mg O2 /g VSS.h on day 5 and remained constant up to day 30. This was 
followed by a slight drop on day 35 to 2.4 mg O2 /g VSS.h and remained steady from 
day 45 to the end of the experiment with the SOUR value of 1.56 to 2.07 mg O2 /g 
VSS.h. The decline of the SOUR may be due to the accumulation of FeCl3 in the 
system. In this study, Fe (III) concentration was analysed in the supernatant. The result 
indicated that at the beginning of the experiment, the Fe (III) concentration was around 
11.9-12.3 mg/L. It then accumulated and increased up to 44 mg/L on day 40 and 55. 
Zhang et al. [16] observed the inhibiting effect of ferric salts on microbial activity in 
membrane bioreactors. Their study showed a decrease of microbial activity for Fe(III) 
concentration between 20-60 mg/L. The similar trend was also observed in the present 
study. Similarly, Iversen et al. [17] investigated the impacts of several membrane flux 
enhancers on activated sludge respiration. Their results also reported that the lower 
SOUR value was observed with FeCl3 as compared to chitosans, PAC or polymers. 
There was no clear explanation regarding this negative effect with the literature, and the 
reason for this is still unclear.   
 
3.2.3. SVI 
SVI is widely used for characterising sludge settleability. Fig. 3 shows the 
variation of SVI with MLSS concentration in the SMBR system. The SVI varied 
between 38.6 to 64.2 mL/g. In the initial stage of operation, SVI showed a gradual 
increase along with the growth of biomass; however, after 35 days, the SVI stabilized 
even at high biomass concentration. This indicates the dependence of SVI on MLSS 
  
 
 
11
mainly during the initial phase. The SVI also shows a linear relationship with MLSS 
during the first 35 days (rp=0.9788 significant at 0.05 level). There was no correlation 
between them after the day 35. Other authors have also reported limited dependence of 
SVI on biomass concentration in complete sludge retention MBRs [18].    
Fig. 3. SVI and MLSS profiles of the SMBR system 
 
In the present study, SVI value was always below 100 mL/g, indicating good 
settling properties of the sludge. High SVI is normally attributed to growth of 
filamentous bacteria. Several authors have reported that the presence of metal ions such 
as calcium, magnesium or iron ions in the feed contributes to the control of sludge 
bulking [19]. Therefore, CIOF used in this study did not lead to the growth of 
filamentous microorganisms which is resulted in low SVI. In order to clarify this 
assumption, the SVI during the first 3 days was compared with the SVI of blank-MBR. 
The result showed the SVI was higher in the experiment without flocculants addition 
after 3 days operation. This clearly indicates that the flocculants have positive effect on 
controlling SVI.   
 
3.2.4. Soluble EPS in supernatant 
There are various biological, physical and chemical factors affecting membrane 
fouling in the activated sludge. To elucidate the fouling tendency, the quantity of EPS 
was analysed. EPS matrix is heterogeneous, in which polymeric material such as 
carbohydrates and proteins, lipids and nucleic acids have been found. However, the sum 
of carbohydrates and proteins is considered to represent the EPS because these were the 
dominant components found in the extracted EPS [20,21]. 
Fig. 4. Protein and carbohydrate concentration of soluble EPS 
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In an MBR, the quantity and quality of EPS is influenced by the process design 
and operational factors such as type of feed (wastewater), MLSS concentration, SRT, 
etc. Moreover, the different growth phases of microbes and the fluctuations in feeding 
or sludge wasting also affect the EPS concentration in the reactor [22,23]. 
 
Fig. 4 presents the soluble proteins and carbohydrates concentration in the 
system. It is evident that proteins are the dominant component in the soluble EPS 
isolated from activated sludge. Protein concentration varied from 23.33 mg/L (first day) 
to 38.67 mg/L (10th day) whereas carbohydrate concentration was only 0.47 – 9.07 
mg/L. Satyawali et al. [24] have also reported the higher proteins concentration in 
soluble EPS. In general, carbohydrates are extracellular components synthesized for 
specific function, while proteins can exist in the extracellular polymer network due to 
the excretion of intracellular proteins/enzymes or cell lysis [25]. Additionally, EPS was 
the highest at day 10 and 15, reflecting the increase of TMP from day 0 to day 15 (4 kPa 
to 20 kPa). During next 10 days, from day 20 to day 30, EPS remained steady, 
corresponding to a stable TMP value at around 20 - 21 kPa. Nevertheless, after 30 days 
of operation, there was no relationship between soluble EPS and TMP. During this 
period soluble EPS kept constant while TMP gradually increased.     
Fig. 5 Correlation of soluble carbohydrates and DOC in the supernatant 
 
Fig. 5 shows the relationship between soluble carbohydrate concentration and 
the DOC concentration in the supernatant. It can be observed that soluble carbohydrate 
concentration was well correlated with DOC values (R2 = 0.9234). Previously, several 
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authors have also reported the correlation between these two parameters; however, the 
R-squared values were not high [26]. This result shows the importance of the 
measurement of supernatant DOC for MBR monitoring. In contrast, such a correlation 
was not found between soluble proteins and DOC in the supernatant, between turbidity 
of supernatant and soluble carbohydrates or proteins.  
3.2.5. TMP development  
Fig. 6 shows the TMP of the experiments with and without flocculant addition. 
The TMP development was very high without flocculant addition as compared to the 
flocculant addition. TMP increased gradually during first 20 days of operation with a 
TMP development rate of 1 kPa/d. The TMP remained constant at around 20-21 kPa for 
the next 10 days. This followed by the increase up to 36 kPa. After the chemical 
cleaning on day 53, the TMP dropped to15 kPa. This was followed by a mild increase to 
23 kPa till day 70 and kept constant at 24 kPa up to the end of the experiment. 
Interestingly, TMP increased only by 2 kPa during this period while the MLSS 
concentration was relatively high during last 15 days of operation (around 16.55-17.85 
mg/L). This result shows that the system could maintain at high activated sludge 
concentration without any significant effect on increasing TMP. 
Fig. 6. TMP development of the SMBR systems with and without CIOF addition 
(Filtration flux = 12 L/m2.h; backwash rate = 36 L/m2.h, backwash 1 min every 1 hr) 
 
3.3. Comparison between CIOF and individual flocculant 
Comparative results of CIOF and individual flocculant are summarised in Table 
3. The average DOC removal efficiency was 98.2% when using CIOF, it was 0.6 – 
4.1% higher comparing to individual flocculant. The better performance of CIOF was 
also achieved in terms of T-P removal efficiency with the improvement of 0.1 – 4.4%. 
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The significant enhancement was addressed from 73.8 – 75.2% to 91.3% in NH4-N 
removal, showing the advantages of CIOF. In addition, with the biomass growth rate of 
only 0.16 g/day, the combined flocculant might be considered as a option for 
minimisation the excess sludge production. Furthermore, the CIOF was successful in 
reducing membrane fouling rate, with 58-83% less as compared with individual 
flocculant. These above comparisons demonstrated the advantages of CIOF in terms of 
pollutant removal, controlling sludge production and reducing membrane fouling.   
Table 3 
Comparison between CIOF and individual flocculant (FeCl3 and MPE50) (filtration 
rate 10 L/m2.h, backwash rate = 30 L/m2.h, initial MLSS = 5 g/L, influent DOC = 135-
160 mg/L, NH4-N = 16-19 mg/L, T-N = 17-22 mg/L, T-P = 3.6-3.9 mg/L) 
 
4. Conclusions 
The effect of a CIOF on the performance of a long-term aerated SMBR was 
studied in detail. The addition of CIOF to SMBR was significantly improved both 
organic and nutrient removals. In addition, the CIOF could also maintain a good 
microbial activity with a stable SOUR. A stable SVI and soluble carbohydrate 
concentration and a low TMP development rate also supported the importance of CIOF 
on the reduction of membrane fouling. Further study on the optimization of FeCl3 and 
MPE50 and the characterization of this CIOF for the in-depth understanding of 
fundamental mechanisms is essential.   
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Table 1  
Characteristics of the synthetic wastewater 
Compound Chemical formula Concentration (mg/L) 
Organics and nutrients   
Glucose C6H12O6 280 
Ammonium sulfate (NH4)2SO4 142 
Potassium phosphate KH2PO4 26 
   
Trace nutrients   
Calcium chloride CaCl2.2H2O 0.368 
Magnesium sulfate MgSO4.3H2O 5.070 
Manganese chloride
 
MnCl2.4H2O 0.275 
Zinc sulfate ZnSO4.7H2O 0.440 
Cupric sulfate
 
CuSO4. 5H2O 0.391 
Cobalt chloride
 
CoCl2. 6H2O 0.42 
Sodium molybdate 
dihydrate Na2MoO4.2H2O 1.26 
Ferric chloride anhydrous FeCl3 1.45 
Yeast extract
 
 30 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
20
Table 2 
The performance of tested flocculants in 10-day submerged MBR experiment (filtration rate 10 L/m2.h, initial MLSS = 5 g/L, initial 
MLVSS/MLSS = 0.87, backwash rate = 30 L/m2.h, backwash = 2 times per day for 2 min duration, influent DOC = 135-160 mg/L, NH4-N 
= 16-19 mg/L, T-N = 17-22 mg/L, T-P = 3.6-3.9 mg/L) 
Flocculant Dosage (g/day) 
DOC removal 
efficiency (%) 
SOUR  
(mg O2/g 
MLVSS.h) 
Biomass 
growth rate 
(g/day) 
Membrane 
fouling rate 
(kPa/day) 
NH4-N 
removal 
efficiency (%) 
T-N removal 
efficiency (%) 
T-P removal 
efficiency 
(%) 
No 
flocculant – 96.5±0.3 3.00±0.64 0.23 5.0 66.4 53.8 99.5 
FeCl3  0.9 97.6±0.7 4.11±0.44 0.33 1.3 73.8 60.8 99.9 
MPE50 
Initial dose 
250 
mg/L(reactor 
volume), then 
0.3 g/day 
94.1±1.9 4.50±0.41 0.15 3.3 75.2 34.9 95.6 
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Table 3 
Comparison between CIOF and individual flocculant (FeCl3 and MPE50) (filtration rate 10 L/m2.h, backwash rate = 30 L/m2.h, initial 
MLSS = 5 g/L, influent DOC = 135-160 mg/L, NH4-N = 16-19 mg/L, T-N = 17-22 mg/L, T-P = 3.6-3.9 mg/L) 
 Individual flocculant CIOF Percentage improvement when 
using CIOF (%) 
DOC removal efficiency (%) 94.1 - 97.6 98.2 0.6 - 4.1 
T-P removal efficiency (%) 95.6 - 99.9 100 0.1 - 4.4 
NH4-N removal efficiency (%) 73.8 - 75.2 91.3 16.1 - 17.5 
Biomass growth rate (g/day) 0.15 - 0.33 0.16 - 
Membrane fouling rate (kPa/day) 1.30 - 3.30 0.55 58 - 83 
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Fig. 1. DOC, NH4-N, T-N and T-P profiles of SMBR system (influent DOC = 120-130 
mg/L; NH4-N = 16-18 mg/L; T-N = 16-19 mg/L; T-P = 3.6-3.9 mg/L; filtration flux = 
12 L/m2.h; backwash rate = 36 L/m2.h, CIOF dosage = 30 mg/L) 
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Fig. 2. Temporal variation of the SOUR and Fe (III) concentration of mixed liquor 
during the experiment. 
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Fig. 3. SVI and MLSS profiles of the SMBR system 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
25
 
 
 
0
5
10
15
20
25
30
35
40
45
1 7 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
Time (day)
EP
S 
(m
g/
L)
Protein
Carbohydrate
 
Fig. 4. Protein and carbohydrate concentration of soluble EPS 
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Fig. 5. Correlation of soluble carbohydrates and DOC in the supernatant 
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Fig. 6. TMP development of the SMBR systems with and without CIOF addition 
(Filtration flux = 12 L/m2.h; backwash rate = 36 L/m2.h, backwash 1 min every 1 hr) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0
5
10
15
20
25
30
35
40
45
0 10 20 30 40 50 60 70 80
Time (day)
TM
P 
de
v
el
op
m
en
t (
kP
a
)
Flocculant addition Without flocculant addition
Chemical cleaning 
